Trends
Capsid-binding host factors regulate HIV-1 core disassembly during cytoplasmic trafficking and nuclear entry.
Interactions of the viral capsid with host factors functionally couple nuclear entry and integration targeting.
The assembled viral capsid, a preferred target for cofactor engagement, possesses two distinct interfaces, each of which is capable of interacting with at least two host proteins.
The viral capsid is targeted by multiple antiviral proteins in intrinsic and innate immunity but can recruit host factors to evade innate immune sensing. which may be operationally linked to its intracellular movement towards the nucleus. The capsid is also a target of the intracellular innate immune response (Box 2).
Cyclophilin A
Cyclophilin A (CypA) is a peptidyl-prolyl cis-trans isomerase (PPIase) that facilitates HIV-1 infection through its direct interaction with CA [16] [17] [18] . CypA binds a flexible loop in CA (CTD), cyan; flexible loop, black) highlighting the cyclophilin A (CypA)-binding loop (dashed oval) as well as residues and secondary structural elements that mediate CPSF6 or NUP153 binding (gray circle). Protein database (PDB) accession code 4XFY [146] . (B) CA hexamer (PDB code 4U0D) [69] views from the cytoplasmic face of the capsid (top) or rotated 90 up into the plane (bottom). Residues highlighted in (A) are shown in space fill in two adjacent gray monomers. Coloring highlights NTD (green and yellow) and CTD (cyan and orange) interactions between adjacent monomers. (C) Close-up view of the CypA (light gray)-CA NTD interaction (PDB code 1AK4) [20] . Host factor residues are denoted by italic type; dashed lines, hydrogen bonds. (D) The NUP358 cyclophilin homology domain (CHD) (light gray)-CA NTD interaction (PDB code 4LQW) [81] . (E) Primary interaction site between CPSF6 313-327 (magenta) and the CA NTD (PDB code 4U0B) [69] . (F) Co-crystal structure of NUP153 [1407] [1408] [1409] [1410] [1411] [1412] [1413] [1414] [1415] [1416] [1417] [1418] [1419] [1420] [1421] [1422] [1423] (magenta) with hexameric CA (PDB code 4U0D) [69] . In (E) and (F), HIV-1 CA Asn57 engages similarly positioned hotspot Phe residues (F321 in CPSF6; F1417 in NUP153). Yellow and orange in (F) are the NTD and CTD, respectively, of an adjacent CA monomer (see panel B). complexes can directly interact with nuclear pore complex (NPC) components such as NUP358 and NUP153. HIV-1 nuclear entry is mediated by these nucleoporins (NUPs) as well as soluble import receptors such as CPSF6/TNPO3. Intranuclear localization of preintegration complexes (PICs) is regulated by CPSF6. Cellular proteins can promote (shown in blue) or block (shown in red) HIV-1 infection. The intact capsid near the cell periphery is depicted partially uncoated at the NPC, and more fully uncoated after nuclear entry. Host factors known to interact with the capsid or modulate uncoating or integration site selection are shown in this illustration. The positioning of the different factors in the figure is not meant to necessarily imply the location or timing of the virus-host interaction.
between NTD helices 4 and 5 [19, 20] ( Figure 1A , black dashed line). The CypA-binding loop protrudes from the outer surface of the capsid ( Figure 1B ) and thus allows CypA-CA interactions without significant structural remodeling of the conical shell. CA engages a canonical hydrophobic pocket of CypA ( Figure 1C ) [20] , while a noncanonical binding site may enable a single CypA molecule to simultaneously interact with two CA subunits in neighboring hexamers [21] .
The requirements of CypA for HIV-1 infection are complex and cell-type-dependent [22] . For example, CypA knockout impaired viral infectivity in Jurkat cells but not in other cell types [23] [24] [25] . Nonimmunosuppressive drugs that block the CA-CypA interaction appear to specifically perturb HIV-1 in primary cells [26, 27] . Lahaye et al. showed that Sad1 and UNC (SUN) domain-containing protein 2 (SUN2), which locates to the nuclear envelope, is required to facilitate the role of CypA in HIV-1 infection of primary CD4 + T cells [28] , although more recent work failed to reproduce this finding [29] . Notably, the ability of CypA-independent SIV strains to replicate efficiently in primary cells suggests that primate lentiviruses can evolve mechanisms to dispense with CypA.
CypA can regulate nearly every post-entry event of HIV-1 infection. Maximum efficiency of reverse transcription depends on the CypA-CA interaction, though an effect on nuclear entry best correlated with transduction efficiency [22] . CypA regulates the utilization of host factors that either positively (NUP358 and NUP153) or negatively (MX2) impact PIC nuclear entry, as discussed below. Finally, CypA affects integration site selection, as genetic or pharmacological perturbation of its interaction with CA resulted in elevated targeting of gene-dense chromosomal regions [9] . Such observations support the notion that both CA and CypA accompany PICs into the nucleus. There are three popular models for HIV-1 uncoating [6, 12] . The 'immediate' model posits that the bulk of HIV-1 capsid protein (CA) dissociates from intracellular complexes soon after virus entry. At the other extreme is the 'nuclear pore' model whereby the core remains intact until it engages the nuclear pore complex (NPC) at the cytoplasm/nucleus interface where intact capsids may undergo coupled reverse transcription-uncoating [52, 55, 125] . The third 'cytoplasmic' model suggests partial CA shedding en route to the nucleus [13, 126] . Modulation of uncoating by depletion of predominantly cytoplasmic host factors supports the cytoplasmic model. Although specific interactions between CA and nucleoporins such as NUP358 and NUP153 may be thought to favor the nuclear pore model, partially uncoated capsids should still engage these factors. Recent research indicates that some CA remains associated with the preintegration complex (PIC) following nuclear import [60, 72, 74, 78, 108] , which is consistent with both the nuclear pore and cytoplasmic models of uncoating. Uncoating is exquisitely fine-tuned through intrinsic core stability and by host factors that can directly interact with CA and either stabilize or destabilize viral capsids [12, 110] . Spatial or temporal deviations from the normal course of uncoating (accelerated or delayed uncoating) severely attenuate infection. For instance, the rhesus macaque TRIM5a restriction factor binds the HIV-1 capsid to accelerate uncoating, which prevents the normal course of reverse transcription [47, 127] . The fate of individual cores (i.e., timing of capsid disassembly) can vary [128, 129] , and whether cytoplasmic or nuclear core uncoating, or perhaps their combination, leads to productive infection remains a subject of debate [6] . We tend to favor the cytoplasmic model, though we appreciate that the nuclear pore model may predominate under certain conditions, for example in primary cells that are particularly sensitized to innate immune recognition [27] .
Box 2. Innate Immunity against HIV-1
The HIV-1 capsid is a target for cell-autonomous antiviral responses [4] . Sensing of viral infection induces an antiviral state, which is initiated by production of interferons (IFNs) and upregulation of interferon-stimulated genes (ISGs) [130] . ISG products known to target the HIV-1 capsid include TRIM5a and MX2 [130] . However, as yet unidentified capsiddependent ISGs likely contribute, because IFNs appear more potent with certain capsid protein (CA) mutants to block uncoating and reverse transcription [25, 93, 128] . Innate immune pathways are activated by recognition of pathogenassociated molecular patterns (PAMPs) through pathogen recognition receptors. Various species of nucleic acids as well as other viral structures generated during HIV-1 replication can serve as a PAMP [130] . The hexagonal capsid lattice harbors regularly spaced repeating epitopes that may present a PAMP that is recognized by TRIM5a [131] . De novo synthesized viral DNA in the cytoplasm can be detected by DNA sensors such as cyclic GMP-AMP synthase (cGAS) [132] and gamma-interferon-inducible protein Ifi-16 [133] , with work suggesting that the capsid protects viral DNA from the recognition by cGAS through interactions with CA-binding proteins [26, 27] . HIV-1 or HIV-2 CA mutants with altered cyclophilin A (CypA) binding elicit strong innate activation [26, 27, 91] . The CA mutant N74D, which is deficient for CPSF6 binding, induced type I IFN production in macrophages [27, 134] , though one study did not reproduce this phenotype [75] . Viral DNA released from disassembled capsid cores is susceptible to degradation by the cytosolic exonuclease TREX1 to avoid innate sensing by DNA sensors [135] .
its stability [30] , and thus delays uncoating [22, 31] . However, CypA can exert an opposing core-destabilization activity. One group reported that CypA destabilized the cyclosporine Adependent A92E CA mutant, though this was not observed in another study [22, 31] . Similarly, CypA destabilized in vitro-assembled HIV-1 CA or CA-NC complexes [21, 32] . Differential CypA activity can be accounted for by a dose-dependent biphasic effect of CypA on core stability; substoichiometric concentrations of CypA stabilize the core as opposed to high amounts of CypA that can destabilize [21, 31] . Liu speculated that steric hindrance by CypA binding to adjacent CA hexamers may weaken the dimer assembly interface to accelerate disassembly [21] . Such core-destabilizing activity may mechanistically mimic premature uncoating by natural and artificial capsid-dependent restriction factors, including rhesus TRIM5a [33] (Box 3). Overall, CypA-mediated regulation of capsid stability affects a range of post-entry steps and is likely to be influenced by capsid interactions with multiple factors, such as PPIases (CypB and PIN1), TRIM11, or PDZ domain-containing protein 8 (PDZD8), each of which was shown to bind to the capsid or modulate core stability [34] [35] [36] [37] . It is notable, however, that modulation of core stability by blocking the interaction of CA with some of these factors, such as CypA or PDZD8, did not, under certain conditions, significantly impact HIV-1 infection [22, 37, 38] .
Cytoplasmic Trafficking
HIV-1 RTCs/PICs reach nuclear pores by hijacking the host cytoskeleton [39] [40] [41] . Cytoplasmic movement depends on both actin microfilaments and microtubules (MTs), including dynamic and stable MTs induced by HIV-1 infection [42, 43] , together with host factors involved in cytoskeleton and MT-associated motor proteins such as dynein and kinesin [41] . A functional link between viral trafficking and capsid can be deduced by changes in uncoating kinetics when host factor function is perturbed [44, 45] . 588 , which lacks the RS domain, is a potent restriction factor [65] . Antiviral mechanisms include the trapping of preintegration complexes (PICs) in the cytoplasm (in the case of CPSF6-358) or impairment of reverse transcription (by the CPSF6-375 variant of the CPSF6 551 isoform) [65, 136] . TNPO3 depletion induced cytoplasmic localization of CPSF6, which led to inhibition of HIV-1 at a step after reverse transcription [67, 71, 74] . Full-length CPSF6 mislocalized in the cytoplasm or CPSF6-358 stabilizes the viral capsid both in vitro and in vivo, whereas CPSF6-375 accelerates its disassembly [32, 65, 67, 71, 136] . The antiviral potential of endogenous CPSF6 is highlighted by restriction of certain capsid protein (CA) mutants [73] , including A92E. Such CA mutant viruses are hyperdependent on cell division for infection, perhaps due to differential activity of CPSF6 in dividing versus non-dividing cells, consistent with the observation that CPSF6-358 restriction is accentuated by cell growth arrest [65] . CPSF6-mediated restriction of these CA mutants depends on CypA-CA interactions. A92E reduces CypA loop dynamics and decreases the efficiency of in vitro CA assembly reactions, thus potentially altering core stability [31, 137] . Thus, changes in core stability may render these mutants sensitive to CPSF6 and CypA in a manner that is not seen for the wild-type (WT) virus. However, according to expression profiling of restrictive vs non-restrictive cell lines, CPSF6 and CypA do not fully account for the restrictive phenotype [22, 138] . SUN2 is also implicated in CypA-mediated restriction [28, 139] . Figure 1D ) and also interacts with KIF5B; thus, NUP358 can link the capsid with kinesin-1. KIF5B depletion impaired wild-type (WT) virus, but not CA mutant N74D or P90A infection, arguing for the direct involvement of kinesins in capsid-mediated post-entry events [51] . KIF5B engagement may provide a function similar to that of FEZ1, promoting uncoating by a 'tug of war' with dynein-like molecules to -in this case -reduce capsid size for efficient PIC nuclear translocation [51]. These observations reveal complex virus-host interactions that enable the HIV-1 capsid to migrate from the cellular periphery to the nuclear membrane and regulate capsid disassembly.
Nuclear Transport
HIV-1 PICs are actively transported through nuclear pore complexes (NPCs), which are composed of 30 individual components called nucleoporins (NUPs) [53] . PICs could engage NPC components directly, or indirectly through engaging soluble karyopherin transporters that mediate nuclear import of cargo substrates [54] . This is a rich area of HIV-1 research going back decades, with numerous studies supporting both direct and indirect NPC binding scenarios [54, 55] . CA is not known to harbor a functional nuclear localization signal (NLS) but, as mentioned, can bind NUP358 directly [9] . The form(s) of the capsid that engage NUP358 or other nuclear transport factors remain to be determined, though partially uncoated capsids should retain sufficient CA for NUP358 engagement (Box 1).
CPSF6 and TNPO3
Transportin-3 (TNPO3) is a b-karyopherin that has been implicated in HIV-1 nuclear entry. TNPO3 naturally functions to transport serine/arginine-rich splicing factors (SR proteins) into the nucleus. TNPO3 bound HIV-1 IN in a yeast two-hybrid screen and was identified as an HIV-1 dependency factor through genome-wide RNA interference screens [56] [57] [58] . TNPO3 depletion did not prevent PIC formation, but reduced the number of proviruses by blocking replication at or after nuclear entry [56] [57] [58] [59] [60] [61] [62] . Requirements for TNPO3 during HIV-1 infection map to CA, not IN [59, 63] . TNPO3 can bind CA-NC complexes [62] and accelerate viral core uncoating in vitro [30] . However, we suspect that the function of TNPO3 in HIV-1 infection is mediated via cleavage and polyadenylation specificity factor 6 (CPSF6) [64] . CPSF6, which functions as a component of the CFIm complex to determine mRNA polyadenylation sites [11] , is an SR protein that interacts with CA [65] [66] [67] . CPSF6 is composed of an N-terminal RNArecognition motif, a central proline-rich domain (PRD), and a C-terminal arginine/serine-rich (RS) domain. The PRD (residues 314-322 of the larger CPSF6 588 isoform) [68] mediates binding to a hydrophobic pocket created by CA NTD helices 3, 4, and 7 [66, 69] ( Figure 1A , gray dashes; shown in detail in Figure 1E ). The CPSF6 peptide also contacts CTD helices 8 and 9 from an adjacent monomer [69, 70] , and thus binds hexamers with higher affinity than monomeric CA, raising the possibility that CPSF6 engages hexameric CA under physiological conditions [69, 70] .
Though CPSF6 is predominantly nuclear [65, 67, 71] , it can colocalize with HIV-1 CA in the cytoplasm of infected cells [72] . CPSF6 depletion, which tends to marginally increase virus infection [11, 65, 73] (Box 3), has been reported to reduce nuclear localization of viral DNA and CA [74] and integration [11] . Several CA amino acid substitutions in the CPSF6 binding pocket, including N74D and A77V, reduce the affinity of the virus-host interaction [65, 75] . The N74D mutant virus, though robust in T cell lines, is defective in macrophages due to inefficient reverse transcription [76] and/or innate immune activation [27] (Box 2). Importantly, A77V replicated similarly to the WT virus in primary cells, yet lost out to the WT in head-to-head competition and reverted back to WT in the majority of inoculated humanized mice [75] . Thus, although CPSF6 is not an essential viral cofactor, HIV-1 prefers this interaction when push comes to shove. The N74D change delayed uncoating [77] , and N74D and N74A mutants displayed fewer CA signals in the nucleus than WT HIV-1 [60, 74, 78] . Interestingly, the N74D mutant as well as other CPSF6-binding-deficient mutants render HIV-1 almost completely insensitive to depletion of cofactors implicated in nuclear entry, including TNPO3, NUP358, and NUP153 [9, 65, 66, 79] . Thus, one model is that CPSF6 facilitates nuclear entry via acting as a molecular tether between CA and TNPO3 [55, 64, 74] .
NUP358
NUP358 is located at the outer surface of NPCs. NUP358 depletion inhibits HIV-1 at a step after reverse transcription, with reduced formation of signals associated with nuclear PICs, including 2-long terminal repeat (LTR) circle DNA and CA [9, 52, 58, 80] . As discussed, the NUP358 CHD can bind the capsid, and CA mutants unable to bind the CHD are insensitive to the effects of NUP358 depletion [9] . The NUP358 CHD can catalyze cis-trans isomerization in vitro [81, 82] . Isomerase activity trends with HIV-1 but not with feline immunodeficiency virus infection, which binds the CHD but does not depend on NUP358, leading to the proposal that isomerization promotes nuclear pore uncoating [81] . However, HIV-1 infection in cells deleted of NUP358 can be rescued by introduction of NUP358 lacking the CHD [83] . CypA may help to guide HIV-1 to the NUP358-dependent nuclear entry pathway [9] . CPSF6-binding-deficient mutants also infect cells largely independently of NUP358 [9, 65] . Because NUP358 depletion redistributed TNPO3 to the cytoplasm [84] , some CPSF6 could relocate as well, which could account for the insensitivity of CPSF6-binding-deficient CA mutants to NUP358 depletion, a possibility raised by Meehan et al. [83] .
MX2
MX2 is a capsid-targeting HIV-1 restriction factor [85] [86] [87] . MX2 does not block reverse transcription, but inhibits nuclear entry and post-entry events such as integration [85] [86] [87] [88] . MX2 expression altered the pattern of HIV-1 integration similar to what is observed when host nuclear import cofactors are depleted [8] [9] [10] [11] 88 ], but did not affect viral gene expression or particle production [87] .
CA mutations that alter core stability or cofactor binding render HIV-1 insensitive to MX2 [85] [86] [87] [88] [89] [90] [91] . Such changes spread across the capsid, including the CTD, which has limited exposure to the core surface [90, 92, 93] . MX2 binds CA or CA-NC assembles, which requires the capsid lattice; MX2 does not exhibit appreciable affinity for monomeric or hexameric CA [89, 94, 95] . Certain CA mutations reduce MX2 binding to assembled CA [89, 93] , but binding does not strictly correlate with sensitivity to restriction [89, 94] . Binding is therefore necessary but not sufficient for MX2 antiviral activity. MX2 binding is competitively blocked by the CPIPB small molecule, which engages the core surface [89] , but it is unclear if CPIPB relieves MX2 antiviral activity during infection. Mutations that impact CypA and CPSF6 binding can alter sensitivity to MX2 restriction [85] [86] [87] [88] [89] [90] [91] .
MX2 is a dynamin-like GTPase [96] , but GTP binding and GTPase activity are dispensable for anti-HIV-1 activity [85, 86, 88, 97] . MX2 is structurally similar to MX1, which is active against a broad range of viruses [96] . One distinct feature of MX2 is its extended NTD [96] . Addition of the human MX2 NTD rendered otherwise inactive MX1 or canine Mx2 active against HIV-1 [92, 97] . Furthermore, artificial chimeric proteins harboring the MX2 NTD appended to otherwise unrelated restriction factors, such as Fv1 or SAMHD1 (SAM domain and HD domain-containing protein 1), potently restricted HIV-1 [98, 99] . The MX2 NTD possesses two critical functions for antiviral activity: subcellular localization and capsid binding. MX2 concentrates at the cytoplasmic face of the nuclear envelope [86, 88, 92, 97] . Its N-terminal 20-25 residues encode an NLS [88, 92, 97, 99] , the disruption of which abolished MX2 nuclear localization and antiviral activity [88] . Addition of the heterologous NLS from the simian virus 40 large T antigen conferred anti-HIV activity to MX2 lacking its own NLS [88] . The NTD is critical for MX2 binding to CA [94] , with a triple arginine motif playing a particularly important role in binding and restriction, but not subcellular localization [98, 99] . Oligomerization is another MX2 property critical for its antiviral activity, and MX2 forms an extended antiparallel dimer [94, 100] . Dimerization, but not higherorder oligomerization, which is mediated by the MX2 CTD, is essential for anti-HIV-1 activity [88, 89, 94, 98, [100] [101] [102] . Oligomerization is required for MX2 binding to capsid [94, 101] . One potential mechanism for MX2 invokes that binding to the capsid blocks uncoating and thereby PIC nuclear entry [86, 87, 94, 97] . Consistent with this model, MX2 was shown to block uncoating and colocalize with CA in virus-infected cells [89] .
Human MX2 inhibits a variety of HIV-1 strains as well as other primate lentiviruses, but is minimally active against nonprimate lentiviruses [85] [86] [87] [90] [91] [92] . Certain HIV-1 strains, including transmitted/founder viruses, show natural resistance to MX2 without any obvious fitness cost [90, 91] . Conversely, several primate, but not nonprimate MX2 orthologs, are active against HIV-1 [92] . Antiviral specificity locates to MX2 NTD positions 37-39 [92] . Evidence for positive selection in other MX2 regions that are not known to dictate activity against lentiviruses suggests that MX2 has an evolutionary history for interacting with a broad range of pathogens [103] .
Nuclear Events Mediated by NUP153
Nuclear import is apparently a rate-limiting step, as only a fraction of incoming virions is successfully transported [104, 105] . Active nuclear entry and integration targeting are regulated by the capsid and CA-interacting proteins together with IN and its host factors [54, 106] . How the capsid dictated nuclear events was enigmatic because early studies found little PICassociated CA [107] . However, more recent work detected a noticeable amount of CA in nuclear complexes [60, 72, 74, 108] . Nuclear PICs differ from cytoplasmic PICs in size and amount of CA [108, 109] . This suggests a model where at least some uncoating occurs at the nuclear pore, which is consistent with the cytoplasmic and nuclear pore models of uncoating (Box 1) [6, 110] . We could envision that TNPO3 and/or CPSF6 play a role to release PICs from the confines of the NPC after nuclear entry. Although some studies reported a decrease in the number of nuclear PICs upon TNPO3 depletion [56, 74] , this was not reported in another study [105] . The discrepancy may be due to differences in experimental approach, including the strategy for PIC labeling.
NUP153 is required for PIC nuclear entry as shown by decreases in 2-LTR circle DNA [52, 58, 79] and nuclear PICs [74, 105] , although its role likely extends beyond transport to include integration and integration targeting [10, 78, 79, 111] . The genetic determinant of NUP153 dependency maps to HIV-1 CA [79] . NUP153 utilization by HIV-1 is regulated by CA binding to CypA and CPSF6 [9, 79, 112] . This is somewhat similar to TNPO3 and NUP358 utilization by HIV-1. However, specific defects of viral nuclear entry via NUP153 depletion were independent from CA-CPSF6 binding [74] .
HIV-1 CA directly binds to NUP153 [112] . NUP153 was also reported to bind IN [113] , but the physiological relevance of this interaction was subsequently questioned [111, 112] . CA binding is mediated by FG motifs within the CTD of NUP153 in a potentially degenerate way [112] ( Figure 1F ). These FG motifs are essential for HIV-1 infection, as complementation with CTDdeleted NUP153 failed to rescue virus infectivity [111, 114] . The FG repeat at positions 1415-1418 was critical for binding to multimerized CA [69, 70, 112] . Strikingly, HIV-1 uses the same CA NTD pocket to bind both NUP153 and CPSF6 [66, 69, 70, 112] (Figure 1 ). FG motifs from both NUP153 and CPSF6 hydrogen bond with a conserved asparagine at position 57 in CA ( Figure 1E,F) . Coincidentally, mutations at position 57 generate the only CA mutant viruses that are known to lose the ability to infect nondividing cells regardless of cell type [54] . Equine infectious anemia virus uses an analogous residue (Asp58) to engage a different set of NUP153 FG motifs, suggesting convergent evolution of lentiviruses to utilize NUP153 or other FG motifcarrying NUPs [112] .
Similar to CPSF6, NUP153 binds a multisubunit interface in CA hexamers, with binding extending to the CTD, although there are differences that are specific for each ligand [69] ( Figure 1E,F) . NUP153 can bind monomeric CA [70, 112] but its binding affinity increased significantly with hexameric CA [69, 70] . One model is that NUP153 binding to CA hexamers alters conformation at key interfaces to regulate interactions that may promote uncoating [69, 70, 112] . The short half-life of NUP153 at the NPC may play a role in mediating an irreversible and directional exit from the NPC [52, 112] .
Genomic and Nuclear Architecture in HIV-1 Integration Targeting
Once inside the nucleus, HIV-1 PICs display slow and diffuse movements [40] and preferentially localized to the nuclear periphery [104, 105] . HIV-1 proviruses likewise accumulate in the nuclear periphery [115, 116] . HIV-1 preferentially associates with decondensed chromatin (euchromatin) and disfavors heterochromatin [11, 104] , and integration is biased towards active genes enriched in euchromatin [117] . Cellular genes that repeatedly accommodate HIV-1, so called 'recurrent integration genes', are enriched in the nuclear periphery and contact nuclear pores [116] . The preference to integrate into the nuclear periphery may be dictated by the need to integrate rapidly after nuclear entry [115, 116] . This process is in part regulated by the capsid and CA-interacting proteins [54] . CA changes that specifically affect cofactor binding, as well as depletion of CA-binding host factors implicated in nuclear entry, such as, CypA, CPSF6, NUP358, and NUP153, alter integration site preference [8] [9] [10] [11] 75, 111] . Thus, nuclear entry is functionally coupled with integration [8, 58] . A dominant role for targeting transcriptionally active chromatin is dictated by CPSF6 [11] , which seemingly acts independently from its CFIm binding partner CPSF5 [118] . Side-by-side comparison of the roles of the IN-binding protein lens epithelium-derived growth factor (LEDGF)/p75 led to a model in which CPSF6 directs HIV-1 to euchromatin where LEDGF/p75 predominantly drives integration within gene bodies [11] . Consistently, LEDGF/p75 is dispensable for PIC localization in euchromatin-rich regions [119] , although LEDGF/p75 and NUP153 are reportedly important to target the nuclear periphery [116] . CPSF6 is critical for PIC localization in the nucleus [74] , though paradoxically it enforces PIC penetration into the nucleus [74] , an observation that seemingly is at odds with preferential localization to the nuclear periphery [104, 105, 115, 116] . Thus more research in this area is needed.
The site of HIV-1 integration determines basal transcriptional activity [120, 121] . Depletion of TPR, which together with NUP153 forms the basket-like structure at the nuclear side of the NPC, affects virus infectivity without altering integration levels [114] . TPR and NUP153 downregulation significantly reduced LTR-driven gene expression, although the effects of NUP153 may be caused by its role in stabilizing TPR [114] . However, both TPR and NUP153 bind to the LTR downstream of the transcription start site [116] . Thus, coupling nuclear entry and integration [8, 58] may provide proviruses with chromatin environments near the NPC that favor productive expression [114, 116] . Consistent with this model, NPCs harbor 'transport'-independent functions that include chromatin organization and regulation of transcription [122] . Redirecting integration by heterologous LEDGF/p75 fusion proteins had little effect on viral gene expression [123, 124] , but in vivo passage of an HIV-1 mutant with altered integration targeting selected for virus that restored CPSF6 binding and hence preferential integration into active euchromatin [75] . Thus, although the effects of integration targeting dictated by CPSF6 and other host factors are quantitatively subtle, they provide a critical fitness advantage for HIV-1 propagation under physiological conditions.
Concluding Remarks
The work overviewed herein has created novel paradigms for how the HIV-1 capsid coordinates multiple intertwined processes to ensure integration into host chromatin. Capsid interactions with specific cellular proteins are apparently essential for viral trafficking from the plasma membrane to the nucleus, but also are critical for the unique positioning of the virus within the nucleus. Some of these properties are specific for HIV-1 and may contribute to its unique biology. Structural analyses of CA-host interactions have revealed a remarkable utilization of common capsid interfaces for interacting with multiple binding partners ( Figure 1 ). Yet, many unanswered questions remain (see Outstanding Questions). Work has just begun to offer a glimpse of the diverse host antiviral factors that target the capsid, where additional research should reveal valuable mechanistic information. The viral capsid is underexploited for therapeutic intervention, but may be a vulnerable target owing to its multifactorial roles and extreme genetic fragility (Box 4).
Outstanding Questions
What kind of molecular interactions allow the viral capsid to utilize the host cytoskeleton for intracellular trafficking?
What are the precise roles of host factors in capsid disassembly? What are the structures and composition of viral complexes that go through nuclear pores, and what type of host-virus interactions allow passage and release of viral complexes from nuclear pores?
How does the unique integration pattern of HIV-1 contribute to viral fitness? Are there roles for CA-dependent integration sites in HIV-1 persistence or latency?
How might the dynamics of CA-host interactions change in the presence of innate immune responses, and how might they modulate core stability to escape from innate immune recognition? Box 4. Antivirals That Block Cofactor Engagement with the Capsid Recent efforts led to the discovery of capsid-targeting antiviral compounds, including PF-3450074 (PF74) [140] . PF74 directly binds a composite capsid protein (CA) interface made from the N-terminal domain (NTD) and the C-terminal domain (CTD) of an adjacent subunit in the same hexamer [69, 70] . Interestingly, this site overlaps with the binding sites of CPSF6 and NUP153 [69, 70, 112] (Figure 1) , and PF74 can accordingly competitively block CA interactions with CPSF6 and NUP153 [67, 69, 70, 112] . PF74 inhibits HIV-1 infection at multiple steps. Relatively high drug concentrations (10 mM) block reverse transcription by probably accelerating capsid disassembly, whereas lower drug concentrations (2 mM) block steps following reverse transcription, most likely nuclear entry [69, 72, 108, [140] [141] [142] . In contrast to higher PF74 concentrations that block HIV-1 independent from host molecules, antiviral activity by low doses of PF74 depends on capsid interactions with CypA, NUP153, and CPSF6 [24, 112, 141] , host factors implicated in HIV-1 preintegration complex (PIC) nuclear entry. Drug-resistance mutations, which mapped within the binding pocket, altered the requirement for HIV-1 nuclear entry cofactors and conferred fitness costs prominently in primary cells [143, 144] . The limited tolerance to drug resistance by extreme genetic fragility [145] together with the unique multimodal mechanisms of action make the viral capsid a unique target for therapeutic interventions. 
